Background: Ibudilast is a phosphodiesterase inhibitor influencing inflammation and neurodegeneration in multiple sclerosis (MS). This study evaluated the safety, tolerability, and effects on MRI parameters of 2 different doses of ibudilast in relapsing forms of MS.
In the animal model experimental autoimmune encephalomyelitis (EAE), ibudilast (2 mg/kg and 10 mg/kg orally) in Dark August rats suppressed severity of clinical signs in a dose-dependent manner. 10 The production of TNF-␣ was inhibited, and production of interferon (IFN)-␥ was mildly decreased. Another type 4 PDEI (rolipram) led to reduced TNF-␣ and interleukin (IL)-2 production in EAE. 10 Interestingly, a reduction of demyelination was shown to be a hallmark of PDE4 inhibition. Besides these histopathologic changes, continuous PDE4 inhibition reduced the clinical signs in a chronic-relapsing model of EAE. 11 So far, 2 pilot studies investigating the effects of ibudilast were performed in humans. In 6 patients with active MS, the mean relapse rate was reduced by 48% (from 4.0 Ϯ 0.9 before to 2.1 Ϯ 1.1 after treatment, unpublished data). In another group of 12 patients with MS, 4 weeks of treatment with ibudilast (3 ϫ 20 mg orally daily) suggested Th1 cytokine messenger RNA (mRNA), such as IFN-␥ and TNF-␣, to be down-regulated and Th2 cytokine mRNA, such as IL-4 and IL-10, to be up-regulated. 12 Based on the favorable results from the animal and pilot human studies, we conducted a phase 2, double-blind, placebo-controlled study to evaluate safety and effect of treatment with ibudilast on the development of active brain lesions by MRI and clinical effects in patients with the relapsing forms of MS.
METHODS This was a randomized, double-blind, placebocontrolled study of 3 parallel treatment groups including outpatients (aged 18 -55 years) with relapsing-remitting MS 13 or secondary progressive MS with continued relapses. Key additional inclusion criteria were an Expanded Disability Status Scale (EDSS) score of Ͻ5.5 14 and active disease, defined as at least 1 gadolinium (Gd)-diethylenetriaminepentaacetic acid (DTPA)-enhancing lesion on the screening MRI (Ͻ2 weeks before treatment). Key exclusion criteria were treatment with systemic immunosuppressants (including investigational treatments), such as infliximab, natalizumab, cyclophosphamide, mitoxantrone, azathioprine, methotrexate, linomide, cyclosporine, or deoxyspergualin, within 6 months of the screening MRI scan; treatment with total lymphoid irradiation or cladribine at any time; treatment with interferons within 45 days of the screening MRI scan; history of recent relapse; and treatment with corticosteroids or corticotropin within 45 days of the screening MRI scan.
Eligible patients were randomly assigned to receive 10 mg ibudilast (MN-166; Medicinova Inc., San Diego, CA), 20 mg ibudilast, or placebo orally 3 times daily. The randomization was performed in blocks stratified by center using a 1:1:1 randomization.
The study consisted of 1 screening visit and 12 regular visits during treatment (follow-up visits at months 2, 4, 6, 8, 10, 12, 13, 14, 16, 18, 20, and 24) . Eligible patients received treatment for 12 months, the protocol-specified core period, and were offered extended treatment on active medication for an additional 12 months of treatment (visits 13 through 24 months). To ensure blinding, all capsules were identical in appearance. Patients who were randomly assigned to active treatment in the core period stayed on the same treatment for 24 months. Patients who received placebo in the core period were randomly assigned to either 30 or 60 mg ibudilast per day in the extension period. Safety assessments were performed at every and included adverse events (AEs), serious AEs, physical examinations, vital signs (including weight), EKGs, chest radiographs, clinical laboratory testing, and neurologic examinations.
MRI scans were performed following a standardized MRI protocol using 3-mm-thick slices and roughly 1-mm 2 pixels. T1weighted conventional spin-echo images were obtained before and after gadolinium-DTPA (0.1 mmol/kg via a long IV line). Dual echo spin-echo images were obtained after contrast material injection before the postcontrast T1.
Scans were sent to the Image Analysis Center (IAC) in Amsterdam for quality assessment and evaluation. To ensure blinding, investigators did not receive any potentially unmasking information with respect to MRI scans performed. An experienced reader marked the different lesion types (T2 lesions, Gd-enhancing lesions, and T1 hypointense lesions) according to the standardized operating procedures of the IAC and published guidelines. 15 Subsequently, lesion volumes were measured using in-house-developed software. All raters were blinded to treatment allocation during the whole study period (years 1 and 2).
The primary study outcome was the cumulative number of newly active lesions as seen on bimonthly MRI scans over the first 12 months of treatment. Newly active lesions display 1 of the following features:
• new Gd enhancement on T1-weighted images;
• new on T2-weighted images but nonenhancing on T1weighted images; and • new enlargement on T2-weighted images but nonenhancing in T1-weighted images.
The secondary outcomes included:
• time to first exacerbation, number of relapses, and annualized relapse rate over 12 months; and • cumulative volume of Gd-enhancing lesions over 12 months.
Additional outcomes included:
• cumulative number of newly active MRI lesions over 24 months; • cumulative volume of Gd-enhancing lesions over 24 months; • change in T1-weighted hypointense lesion volume between screening, 12 months, and 24 months; • change in T2-weighted lesion volume between screening, 12 months, and 24 months; • change in EDSS at 12 and 24 months and confirmed EDSS progression (increase Ն1 point in EDSS maintained for Ն4 consecutive months); and • percent brain volume change (PBVC) at 12 and 24 months.
Statistical methods. The intent-to-treat (ITT) population was defined as all randomized patients with relapsing MS who had at least 1 Gd-enhancing lesion at screening, had taken at least 1 dose of study medication, and had at least 1 valid postbaseline MRI. The primary outcome (active MRI lesions over 12 months) was analyzed using a generalized analysis of covariance in the ITT dataset. A model that contained terms for treatment, pooled center, and treatment-by-center interaction was used. The number of active (Gd-enhancing) cranial MRI lesions at screening was used as a covariate, the logarithm of the number of valid scans was an offset, the link function was the natural logarithm, and the error term was negative binomially distributed.
Estimates of the ratio of lesion rates for each treatment compared with placebo, with associated 95% confidence intervals (CIs), were calculated, and a 2-sided 2.5% significance level for the primary outcome was used to adjust for multiplicity. Analysis of the secondary efficacy variables 1) cumulative volume of Gd enhancing, 2) T1-weighted hypointense lesion volume, 3) T2-weighted lesion volume and, 4) EDSS were analyzed using analysis of covariance with terms for treatment, pooled center, and treatment-by-pooled center interaction and baseline (as a covariate) included in the model. For T1-weighted hypointense lesion volume and T2-weighted lesion volume, a log (x ϩ 1) transformation was applied to the dependant variables and to the covariate before the analysis. Numbers of 1) relapses over 12 months and 2) cumulative active lesions over 24 months were analyzed via generalized analysis of variance with terms for treatment, pooled center, and treatment-by-pooled center interaction in the model. The link function for these variables was the natural logarithm.
The time to first exacerbation was analyzed with Kaplan-Meier graphs and the stratified log-rank test. PBVC was analyzed using analysis of variance with terms for treatment, pooled center, and treatment-by-pooled center interaction in the model. Confirmed EDSS progression was analyzed using the Cochran-Mantel-Haenszel test stratified by pooled center. Descriptive statistics were provided for the annualized relapse rate.
Standard protocol approvals, registrations, and patient consents. The protocol was approved by the ethic committees of the participating centers before the start of the study. Before any investigation, written informed consent was obtained from all patients.
RESULTS

Patients.
A total of 956 patients were screened and 297 patients were randomized in 19 European centers (for randomization, see figure 1 ). Three patients had no accepted postbaseline MRI data, 1 patient had no screening MRI scan, and 1 patient had no enhancing lesions at screening; the ITT population thus contained 292 patients. Table 1 reports baseline demographic and clinical data, with no major differences between groups. Age and sex were similar across groups. The years since diagnosis of MS onset of clinical symptoms were higher in the treatment groups compared with the control group. In , with respect to cumulative number of newly active lesions over 24 months. When treatment arms were compared in terms of cumulative enhancing volume, the placebo to 60 mg/d arm was marginally higher when compared with the other treatment arms (placebo to 30 mg/d, p ϭ 0.37; placebo to 60 mg/d, p ϭ 0.04; 30 mg/d, p ϭ 0.91; 60 mg/d, p ϭ 0.15). Among the additional outcomes, no effect was seen on the volume of T2-hyperintense or T1-weighted hypointense lesions (black holes) at month 12 or month 24 (using baseline lesion volume as a covariate). Percent brain volume change analysis. Over 12 months of treatment, the PBVC in the placebo group was higher (mean Ϫ1.20) compared with the 60-mg ibudilast group (mean Ϫ0.79, p ϭ 0.04); a dose-response effect was suggested with the 30-mg group being intermediate (mean Ϫ1.05, p ϭ 0.36). Over 2 years, the effect on PBVC was maintained, with the placebo switching to 60 mg comparing favorably to the group switching to 30 mg (figure 2). When the analysis was restricted to patients with relapsing-remitting MS, the trend seemed have a more linear dose-dependent effect. Triggered by this favorable effect on PBVC, a post hoc analysis was performed on the evolution of active lesions to persistent black holes (PBHs).
Persistent black hole evolution analysis. In this post hoc analysis, predefined endpoints were the rates of evolution of newly active lesions at month 2 of the study into PBHs (hypointensity) or return to isoin- tensity at month 10. All active lesions at month 2 were tracked by 1 rater (H.E.H.), blinded to treatment allocation, for their appearance after 8 months of follow-up: lesions that were hypointense at baseline and remained hypointense at month 10 were defined as PBHs. Volume of T2-weighted lesions, mean (SD) 12,326.1 (14,099.2) 11,728.3 (10,498.9) 14,526.8 (12,427.3) 14,821.1 (17,915.4) Abbreviations: EDSS ϭ Expanded Disability Status Scale; Gd ϭ gadolinium; PBVC ϭ percent brain volume change. This analysis showed a reduction in the proportion of lesions that evaluated into PBHs for 60 mg (0.14, p ϭ 0.004) and 30 mg (0.17, p ϭ 0.036) compared with placebo (0.24). Analysis on a perpatient basis yielded similar results: the mean relative risk (RR) per patient for evolution to PBH was lower for the 60-mg/d ibudilast group (RR 0.63, CI 0.44 -0.90, p ϭ 0.011) compared with placebo. The comparison between the 30-mg/d treatment group and placebo showed intermediate results (RR 0.74, CI 0.52-1.03, p ϭ 0.074). The evolution to isointensity (possibly indicating remyelination) did not differ among the treatment groups.
Clinical outcomes. During the first 12 months, 46.2% of all patients remained relapse-free, ranging from 41% in the placebo group to 56.1% in the 60 mg/d ibudilast group, with a trend favoring the 60mg/d dose group ( p ϭ 0.03 vs placebo). There was a minor reduction in the annualized relapse rate (0.7 in the 60-mg group vs 0.9 for placebo). In the ITT population, time to first relapse increased from a median of 244 days in the placebo group to 255 days for the 30-mg group and 401 days for the 60-mg group (figure e-1 on the Neurology ® Web site at www.neurology.org).
Over the entire study (months 1-24), there were no important differences found between the treatment arms in relapse rate (table 3) ; however, for the percentage of patients who were exacerbation-free, the 60-mg/d group and the placebo to 60 mg/d group were superior to the other dose groups (25.5% for placebo to 30 mg/d, 38.8% for placebo to 60 mg/d, 34% for 30 mg/d, and 38.8% for 60 mg/d).
In the first year, no significant differences were found with respect to confirmed progression on the EDSS scores. Over 2 years, there was less confirmed EDSS progression in those on active treatment throughout the study (10.4%) vs those initially on placebo (21%, p ϭ 0.026).
Safety results. Treatment with ibudilast (both 30 and 60 mg/d) was safe and well tolerated. Fifty-four percent of the subjects experienced at least 1 AE during the core period, whereas 66% of subjects experienced at least 1 AE during the entire study. The percentage of subjects that experienced at least 1 AE was similar across treatment groups. The most frequently occurring AEs over the entire study were nasopharyngitis (20%), headache (14%), urinary tract infection (9%), pharyngitis (6%), and nausea (5%). Nausea, headache, and upper respiratory tract infection were the only treatment-related AEs with an incidence greater than 2%.
During the core period, there was a slight doserelated increase in the percentage of subjects with gastrointestinal AEs. The incidences of gastrointestinal AEs were 10% (placebo to 30 mg/d), 12% (placebo to 60 mg/d), 17% (30 mg/d), and 18% (60 mg/d) (table e-1).
The AE data indicated that the mild to moderate self-limiting nausea, vomiting, and diarrhea were dose related, with more subjects in the 60-mg/d dose experiencing these AEs compared with the other treatment groups. A possible increase in depression was observed in subjects treated with 60 mg/d during the latter part of the study.
Serious adverse events. For the entire study, there were slightly more subjects with at least 1 SAE in the 60-mg/d group (10%) compared with subjects in the other groups (range 4%-6%), although the SAEs were considered to be unlikely related to treatment with ibudilast. The SAEs did not show any discernable trends across system-organ classes. DISCUSSION Ibudilast treatment did not demonstrate any effect on brain MRI lesion development or the volume of enhancing lesions in the present relapsing MS population. Ibudilast treatment also did not alter annualized relapse rate, even though the time to first relapse and percentage of patients relapse-free in the core (year 1) period was greater on Effect on percent brain volume change over 2 years
The blue and tan bars show the change in brain volume over 2 years in the placebo groups that changed to active treatment with ibudilast (either 30 or 60 mg) after 1 year. The gray and green bars show the results for the patients who received 30 mg or 60 mg ibudilast, respectively, for 2 years. The percent brain volume change was the least for patients who used 60 mg ibudilast during the whole study period. LS ϭ least squares; PBO ϭ placebo; RRMS ϭ relapsing-remitting multiple sclerosis.
60 mg/d compared with placebo. Given the large sample size and the high level of on-study MRI activity, a type II error is unlikely. This study indicates that ibudilast does not have an important antiinflammatory effect leading to suppression of disease activity. By contrast, ibudilast may exert a neuroprotective effect. A reduction in brain atrophy rate was found, especially in the high-dose group. Post hoc analyses were confirmatory by showing a favorable effect on conversion of new lesions to PBHs, suggesting that ibudilast protects neurons in lesions from persistent damage after acute inflammation. The positive effects on sustained EDSS progression over 2 years may be a reflection of this possible neuroprotective effect, although caution should be paid here because both the patients and the raters were not blinded in the second year of the study.
The neuroprotective effect of ibudilast may not come as a surprise. Different studies performed in mice found that ibudilast significantly suppressed neuronal cell death induced by the activation of microglia with lipopolysaccharide and IFN-␥. Both TNF-␣ and nitric oxide, as well as the additional IL-1␤ and IL-6, were suppressed by ibudilast, whereas the anti-inflammatory cytokine IL-10 was up-regulated. 3, 16 In one of these studies, an upregulation of several neurotrophic factors (nerve growth factor, glia-derived neurotrophic factor, neurotrophin 4) was also found. 3 Also, a pilot study in humans showed the same tendency for Th1 cytokine mRNA (IFN-␥ and TNF-␣) to be down-regulated, whereas the Th2 cytokine mRNA, such as IL-4 and IL-10, were found to be up-regulated. 12 Recently, a combination of lovastatin and rolipram (PDE4 inhibitor) was tested in the EAE model. 17, 18 A neuroprotective effect against inflammatory CNS demyelination was found in this study. The combination of both agents prevented the progression of the disease and promoted neurorepair. Importantly, the same effect was not found with either lovastatin or rolipram alone. In fact, the combination of another statin (atorvastatin) with interferon had a deleterious effect on inflammation, illustrating that combination treatment should be examined carefully. 19 Ibudilast is safe and well tolerated, as expected. Previous reports on ibudilast in healthy subjects and patients with MS have not revealed safety problems at any of the dose levels tested. Moreover, ibudilast has been available in the Japanese and Korean markets for the treatment of asthma (20 mg/d) and cerebrovascular disorders (30 mg/d) for more than 15 years.
To further evaluate the potential neuroprotective effect of ibudilast, a trial is needed specifically aimed at this property of the treatment. Such a study could also consider the combination of ibudilast and an anti-inflammatory drug to examine combined efficacy and safety.
